Increasing injury severity may contribute to higher complexity of the individual emergency treatment and is thus associated with higher mechanical complication rates providing potential for further harm.
The resuscitation of severely injured patients requires invasive emergency procedures to treat life-threatening conditions. These procedures include airway management, chest tube insertion, central venous catheterization (CVC), and arterial line placement and require profound professional experience for a safe and fast performance. Any procedure-related complication may delay lifesaving diagnostic and therapeutic measures and should be avoided [1] [2] [3] . Data on the process quality of invasive emergency procedures in severely injured patients are available for either out-of-hospital [4] [5] [6] [7] or resuscitation room settings [8] [9] [10] , whereas studies elucidating the entire acute care phase including the first 24 hours after injury are scarce 11 . This time period is crucial in the management of severely injured patients since absence, delay, or failure of life-saving procedures may effect patient outcome 12 . Many studies have shown that that early causes of death in the acute care phase are associated with emergency measures 13 . Thus, investigating mechanical complications of emergency procedures might help to change practice patterns in order to reduce preventable deaths, which are reported ranging from 12.3 to 58% in trauma patients [14] [15] [16] [17] . In one study with severe trauma patients, 56% of endotracheal tubes, chest tubes and CVCs were documented by postmortem computed tomography (CT) to be misplaced 18 . To which extent mechanical complications of inserted devices contribute to outcomes is unknown.
The aim of this study was to explore the incidence of mechanical complications of airway management (including tracheal intubation, supraglottic airway device placement and bag valve mask ventilation), chest tube insertion and invasive vascular access with respect to the possible effects on outcome beginning from treatment by a physician staffed out-of-hospital emergency medical service (EMS), to the resuscitation room, to the operating room, and to the initial intensive care unit (ICU) stay until the first 24 hours after hospital admission. Mechanical complications were classified as multiple intubation attempts; unsuccessful tracheal intubation requiring supraglottic airway devices or bag valve mask ventilation for rescue management, undetected esophageal and bronchial intubation at resuscitation room admission, chest tube malfunction; vascular access with multiple puncture attempts, accidental arterial puncture, or associated hematoma and/or pneumothorax, CVC and arterial line malpositions, and loss of guidewires.
We hypothesized that complication rates would be associated with different operator-independent factors including intervention environment, time of day, patient condition, and pre-injury morbidity.
Results
Patients' characteristics with and without mechanical complications. Five hundred and twenty-six patients fit the eligibility criteria and were included (Fig. 1) . The mean age was 51 ± 22 years and 372 (70.7%) were males. Injuries were caused by traffic accidents (54.7%), falls (31.9%) and other trauma mechanisms (13.4%). Further demographic data and characteristics are presented in Table 1 . Among all patients, 138 (26.2%) suffered at least one mechanical complication related to emergency procedures (Table 2 ). Of these, 110 patients (79.7%) had only one complication, 25 patients (18.1%) had two complications (n = 9 for airway management and CVC placement, n = 7 for chest tube and CVC placement, n = 6 for CVC placement and arterial line placement, and n = 3 for four other combinations) and five patients (3.6%) had three combinations of complications. Multivariate analysis revealed out-of-hospital airway management (OR 3.140; 95% CI 1.963-5.023; p < 0.001) and injury severity score (ISS) (per ISS point: OR 1.024; 95% CI 1.003-1.045; p = 0.027) as independent predictors of any mechanical complications (Table 3) . Receiver operating characteristic (ROC) curve analysis of ISS revealed and area under the curve (AUC) 0.637 (p < 0.001), sensitivity and specificity of 0.457 and 0.786, respectively (cutoff 32.5; J-index 0.243) (Fig. 2) . Further stepwise logistic regression analysis (including ISS >32.5, out-of-hospital airway management, admission body temperature, admission hemoglobin, admission base excess, admission serum lactate, red blood cell transfusion <24 hours, noradrenaline dosage <24 hours) confirmed out-of-hospital airway management (OR 3.327; 95% CI 2.1 48-5.152; p < 0.001) and ISS cutoff above 32.5 points (OR 2.119; 95% CI 1.359-3.306; p = 0.001) as predictors of any mechanical complications with a sensitivity of 36.6% and a specificity of 87.7%.
In univariate analysis, ventilator days and ICU length of stay (LOS) of patients with any complication were significantly increased compared to patients without complications (7.7 vs. 3.8 days, p < 0.001 and 14.2 vs. 9.1 days, p < 0.001, respectively) ( Table 1 ). The association of any mechanical complication with ICU LOS was confirmed in robust multiple linear regression analysis (p = 0.019) ( Table 4) . ICU LOS was further associated with admission serum lactate (p = 0.032), AIS head >2 (p = 0.005) and out-of-hospital airway management (0.027). The 24-hour mortality and 30-day mortality tended to be higher but remained below statistical significance (11.6 vs. 6.4%, p = 0.053 and 21.0 vs. 14.7%, p = 0.084, respectively). Logistic regression analysis of the 24 hour and 30 day mortality did not identify the incidence of mechanical complications as significant predictors (Tables 5 and 6 ).
Airway management. Emergency airway management was performed 401 times in 383 patients (72.8%), with an overall complication rate of 13.2% (n = 53) of the procedures (Table 2) . Among them, out-of-hospital airway management was performed in 239 patients (62.4%), of whom 224 patients (93.7%) underwent tracheal intubation. The out-of-hospital complication rate was 16.7% (n = 40) and included multiple intubation attempts (n = 19), esophageal intubations (n = 10, four of which remained undetected until hospital admission), deep main-stem bronchial intubations (n = 8, seven right-sided and one left-sided; four of them detected in the resuscitation room and another four by CT), and misplaced supraglottic airway devices (n = 3). Supraglottic airway devices were used in 16 patients (laryngeal tubes n = 8, laryngeal mask airways n = 6, and Combitubes ™ n = 2, respectively) and four patients underwent bag valve mask ventilation. Reasons were inability of tracheal intubation (n = 11) or primary supraglottic airway device approach during vehicle extrication (n = 5). Of these, five patients still underwent a successful tracheal intubation before hospital admission. In nine cases, another EMS physician (helicopter EMS) successfully performed the airway management. There was no patient with an out-of-hospital surgical airway. In the resuscitation room, 67 patients (17.5%) underwent advanced airway management (complication rate: 13.4%; n = 9). Of these, 39 patients (58.2%) had been admitted to the resuscitation room with unsafe airways despite a formal indication for out-of-hospital advanced airway management according to guideline recommendations (e.g., GCS <9, admission respiratory distress, SaO 2 <90%). Two patients required fiber optic intubation due to massive facial injuries. Another two patients required tracheotomy under local anesthesia for progressive upper airway obstruction, one of whom was temporarily ventilated with a laryngeal tube. In the operating room, 74 intubations (19.3%) were performed without complications, whereas in the ICU, 21 intubations (5.5%) were associated with a complication rate of 19.0% (n = 4). Airway management-related deaths occurred in two patients (0.5%) due to undetected out-of-hospital esophageal intubations.
Complication rates of airway management were similar in the early treatment phase (EMS and resuscitation room) compared with the later treatment phase (operating room and ICU) (14.4 vs. 9.5%; p = 0.217). In univariate analysis (including all variables of Table 1 with exception of the outcome parameters), airway complications were only significantly associated with ISS (p = 0.033). ROC curve analysis revealed an ISS cut off value 32.5 (sensitivity 0.569, specificity 0.754; Table 7 ), which was exceeded by 56.9% of patients with and by 24.6% of patients without complications (p < 0.001). The odds ratio for complication due to exceedance of the cut-off was 4.033 (95% CI: 2.231-7.292).
Chest tube placement. Chest tube placement (unilateral or bilateral insertion) was performed 196 times in 157 patients (29.8%), with a complication rate of 15.8% (n = 31) ( (n = 11), and malfunction (n = 20) 19 . During the out-of-hospital EMS treatment, 35 (17.8%) chest tube placements were performed, of which 9 patients (25.7%) underwent needle-decompression prior to chest tube placement. The out-of-hospital complication rate was 22.8% (n = 8). In the resuscitation room, 88 (44.9%) chest tube placements were performed (complication rate: 18.2%, n = 16). Chest tubes placed in the out-of-hospital setting and the resuscitation room period required immediate repositioning in 8.9% (n = 11) of the cases after CT diagnosis. In the operating room, 26 (13.2%) chest tubes placements were performed (complication rate: 11.5%; n = 3) compared with 47 (24.0%) chest tube placements in the ICU (complication rate: 8.5%; n = 4). Chest tube placement in the early treatment phase (EMS and resuscitation room) tended to yield more complications compared with the later treatment phase (operating room and ICU) (19.5 vs. 9.8%; p = 0.066). Univariate statistical analysis revealed chest tube-related complications to be associated with out-of-hospital placement (OR 3.650; 95% CI: 1.551-8.590, p = 0.002) and out-of-hospital airway management (OR 2.938; 95% CI: 1.053-8.191, p = 0.033) ( Table 7) .
Central venous catheterization.
CVCs were placed 360 times in 318 patients (60.4%), with a complication rate of 11.4% (n = 41) ( Table 2 ). Three patients (0.8%) received CVC placements during the out-of-hospital EMS treatment (one complication). During resuscitation room management, 191 (53.0%) CVC placements were performed, with a complication rate of 12.5% (n = 24). In the operating room, 47 (13.0%) CVCs were placed (complication rate: 6.4% (n = 3), and in the ICU, 119 (33.0%) CVCs were placed (complication rate: 10.9%; n = 13), respectively. The most common puncture sites were the subclavian veins (n = 277; 76.9%), followed by the femoral veins (n = 55; 15.3%) and internal jugular veins (n = 28; 7.8%), as described in our SOP. The mechanical complications were arterial puncture (n = 15), large hematomas (n = 13), failure (n = 6), arterial catheterization (n = 3) pneumothorax (n = 2), and guidewire loss (n = 2). One patient suffered guidewire loss during catheterization of the right femoral vein following unintended right subclavian artery catheterization, requiring angiographic intervention. Complication rates of the early treatment phase (EMS and resuscitation room) were comparable to the later treatment phase (operating room and ICU: 12.9 vs. 9.6%; p = 0.334). Univariate statistical analysis confirmed ISS >33.5 (OR 2.588; 95% CI: 1.314-5.098, p = 0.005) and out-of-hospital airway management (OR 2.178; 95% CI: 0.966-4.910) to be associated with CVC-related complications (Table 7) .
Arterial line placement. Arterial line placement was performed 434 times in 416 patients (79.1%) with a complication rate of 9.4% (n = 41) ( Table 2) . In this study, arterial puncture was not performed in the out-of-hospital setting. In the resuscitation room, 291 (67.0%) arterial line placements were performed (complication rate: 11.0%; n = 32) compared with 54 (12.4%) in the operating room (no complications) and 89 (20.5%) in the ICU (complication rate: 10.1%; n = 9). The preferred puncture sites were femoral arteries (n = 346; 79.7%) compared with radial arteries (n = 88; 20.3%). Mechanical complications were multiple punctures (n = 32; 78.0%), failed attempts (n = 6; 14.6%) and lost guidewires (n = 3; 7.3%). Univariate statistical analysis revealed arterial line placement-related complications to be solely associated with admission serum lactate >4.95 mmol/L (OR 3.394; 95% CI: 1.654-6.962, p = 0.001) and admission base excess <−4.05 mmol/L (OR 2.431 95% CI: 1.239-4.770, p = 0.008) ( Table 7) .
Discussion
Our study revealed that mechanical complications of invasive emergency procedures occurred in 26.2% of severely injured patients. Most complications were recognized immediately or were detected using routine emergency CT diagnostic, whereas a considerable number of out-of-hospital complications were recognized at hospital admission. A main finding is that mechanical complications were associated with out-of-hospital airway management and ISS. However, the predictive power of the statistical model including these two parameters is rather restricted since it predicted only 16% of the variance of the residuals. We presume that other factors not included in our model (e.g., clinical experience under non-emergency conditions, mental status, and ability for fast decision making of the attending physicians) might be of considerable importance that should be addressed in future studies. Although some single comparisons showed significant differences using a univariate analysis, multivariate logistic regression analysis confirmed that time of day for the procedure, pre-injury morbidity, admission hypothermia, admission systolic blood pressure (SBP), noradrenaline dosage and numbers of packed red blood cells did not independently predict mechanical complications. This result most likely suggests an operator-dependent association with mechanical complications and a high complexity of the emergency setting. Patients suffering mechanical complications were associated with longer ICU LOS, which led to higher economic burden and risk of further ICU-related complications. Mortality tended to be higher but remained below statistical significance compared with patients without mechanical complications in univariate analysis. Further multivariate tests confirmed that the incidence of mechanical complications had no statistical effect on both 24 hour and 30 day mortality, as discussed later. Out-of-hospital EMS and resuscitation room environments tended to be associated with more severe complications compared with the operating room and ICU, although remaining below significance levels. Particularly, out-of-hospital airway management, which was performed in almost half of our study collective, accounted for two procedure-related deaths due to undetected esophageal tube malposition. Tragically, capnography as a method of malposition detection was not used in both fatal cases. Furthermore, out-of-hospital airway management complications were associated with increased ICU LOS, which led to higher economic burden and risk of further ICU-related complications. During the study period, we observed a relatively high number of patients who presented to the resuscitation room without proper airway management, despite formal indications. The importance of appropriate advanced airway management in trauma patients has been demonstrated in numerous studies [1] [2] [3] . One study in patients with severe traumatic brain injury who underwent out-of-hospital rapid sequence intubation revealed an increased rate of favorable neurological outcome at 6 months compared with patients who were intubated in the hospital 12 . Furthermore, trauma patients, especially those presenting with impaired consciousness, are prone to accidental tracheal aspiration of stomach contents and blood, which possibly further impairs the outcome 20, 21 . Therefore, first-pass intubation success plays a key role in airway safety during emergency care 22 . Bag valve mask ventilation and pharyngeal tubes may be helpful to provide oxygenation and to bridge the time until a definite airway can be established. The use of supraglottic airway devices are second-line approaches when tracheal intubation is not possible or are first-line approaches for providers without the necessary skills according to German recommendations 23 . For emergency airway management, numerous studies and guidelines have been developed and published [22] [23] [24] [25] [26] [27] [28] [29] . The main aspects and key quality indicators are the development of difficult airway management algorithms and the implementation of capnography and videolaryngoscopy into standard clinical practice.
With regard to pleura decompression, guidelines suggest that minithoracotomy and chest tube placement should be established in response to a clinical suspicion of tension pneumothorax immediately following needle decompression 2, 3 . We observed a relatively low rate of needle decompression prior to chest tube insertion in the out-of-hospital setting. This might reflect the physician-based EMS system suggesting a more aggressive approach to tension pneumothorax suspicion compared to paramedic settings. Chest tube misplacement and malfunction under emergency conditions are known issues in trauma care. Our overall complication rate of 15.8% confirms the data of previous studies ranging from 5 to 38% 6, 30 . We observed an association of mechanical complications of chest tube placement with out-of-hospital insertion, which highlights the special risk constellation for this procedure under time-critical conditions and in hostile environments. The increasing availability of portable ultrasound devices may help to detect pneumothorax earlier and independently from uncertain clinical investigation and time-consuming chest radiography 31, 32 . Large-bore CVC placement for high-volume fluid resuscitation is a frequently performed procedure in severely injured patients 9, 10, [33] [34] [35] . CVC placement in the out-of-hospital EMS setting is uncommon and was performed very rarely in this study. However, other centers have reported success rates comparable to in-hospital emergency settings 7 . The occurrence of mechanical complications related to CVC placement in the resuscitation room was relatively high considering that only experienced anesthetists performed this measure. This may depend on the choice of vascular anatomy (jugular veins are usually not accessible due to cervical spine immobilization devices), landmark-guided puncture approaches and impaired venous filling due to poor clinical conditions 36 . Strategies to reduce CVC-related mechanical complications may be the consequent use of puncture guidance using vascular ultrasound, endovascular electrocardiography, catheterization of femoral veins, use of short introducer sheaths, and avoidance of CVCs when appropriate numbers and sizes of peripheral cannulas can be established.
Arterial line placement provided the lowest complication rate of all four invasive emergency procedures analyzed in our study. Although arterial catheterization is a frequently performed intervention in acute care, data among severely injured patients are scarce. The German S3-guideline for managing severely injured patients recommends that ventilation should be monitored using arterial blood gas analysis after hospital admission 2, 3 . Common mechanical complications include multiple punctures and failure due to hypotension caused by hemorrhagic shock or circulatory effects of anesthetic substances, as well as peripheral arterial occlusion disease (and consecutive chronic intravascular calcification) 37 . Interestingly, we found an association between arterial line placement complication and high admission serum lactate and negative base excess in our patients, suggesting that vascular access was more difficult in patients with severe shock. Although ultrasound guidance for arterial line placement is neither common in trauma resuscitation nor was it used in our present study, it may increase success rates and reduce performance times and complication rates and thus should be recommended for safety reasons resources (e.g., sonography, blood gas analysis, and transfusion protocols), clinical presentation (e.g., shock and cardiopulmonary resuscitation), anatomy (e.g., vascular access sites and chest tube insertion) and aspects of time management (e.g., immediate, early or delayed surgery) and safety performance 36 . We acknowledge the general limitations of retrospective studies. Due to a possible reporting bias, complication rates may be higher in prospective controlled studies when complications are assessed by an independent observer who is not involved in direct patient care. The training levels and medical professions of EMS physicians were not assessed in this study, which may have been different compared with in-hospital settings. Furthermore, mechanical complications in patients who did not survive in the out-of-hospital setting and thus did not reach the hospital could not be analyzed. On the other hand, we only included patients with ISS >15 which in fact poses a selection bias because patients ISS <16 who underwent invasive emergency procedures (and their complications) have not been accessed in this study. A future study design may include matching of patients of the entire ISS spectrum and other risk factors with respect to the incidence of mechanical complication. Another limitation of the study is that the patients were not randomized to vascular access sites, which may have introduced a study bias. In addition, we present data of a single center that should be interpreted with caution and may not be comparable with other settings.
Although this study was unable to answer the question of whether the mechanical complications of emergency procedures are inevitable, a considerable proportion of observed complications might have been avoidable by the consequent application of available and recommended technologies (e.g., capnography, video laryngoscopy and sonography).
Regarding their relevance for the incidence of mechanical complications, both high ISS and need for out-of-hospital airway management (resulting subsequently in mechanical ventilation in the majority of cases) implicate together an increased impairment of patient condition. Both intensified the number of required emergency procedures for diagnostics and treatment, and it was most likely the complexity of the patient presentation in the acute care setting which enhanced the number of complications, but not vice versa.
Although mechanical complications were associated with increased morbidity they did not significantly contribute to mortality in our study. Nevertheless, the necessity of each procedure should be reflected critically in a case-by-case decision. Moreover, it should be kept in mind that any mechanical complication provides the potential for further harm. Eligibility criteria. Inclusion criteria were age >14 years, admission directly from the scene of the accident, and injury severity score (ISS) >15.
Methods
Definitions. The main outcome measure was the occurrence of mechanical complications classified as multiple intubation attempts; unsuccessful tracheal intubation requiring supraglottic airway devices or bag valve mask ventilation for rescue management; undetected esophageal and bronchial intubation at resuscitation room admission; chest tube malfunction; vascular access with multiple puncture attempts, accidental arterial puncture, or associated hematoma and/or pneumothorax; CVC and arterial line malpositions; and loss of guidewires.
Definitions of risk factors for potential complications included age, gender, pre-injury morbidity (body mass index (BMI) >29 and <21, American Society of Anesthesiologists (ASA) classification >2, or pre-injury anticoagulation medication), admission systolic blood pressure (SBP) <90 mmHg, admission hypothermia <35.2 °C, admission hemoglobin (Hb), admission base excess (BE), admission serum lactate, ISS, abbreviated injury severity (AIS) head >3, environment of the performed procedures (EMS, resuscitation room, operating room, or ICU), number of red blood cell (RBC) transfusions, noradrenaline dosage.
Secondary endpoints were ventilator days, ICU length of stay (LOS), 24-hour mortality and 30 day mortality.
General management. In Germany, out-of-hospital emergency physicians are part of an EMS team and perform on-scene trauma resuscitation 2, 3 . At our center, resuscitation room management is organized according to the recommendations of the German Society of Trauma Surgery using an interdisciplinary trauma team and a standardized advanced trauma life support (ATLS ® ) approach. Depending on the trauma mechanism, clinical presentation and point-of-care blood gas analysis, severely injured patients are either scheduled for whole body CT (located in direct proximity to the resuscitation room) or for immediate surgery. The attending anesthesia team (consultant and resident) is responsible for airway management, ventilation, fluid resuscitation, coagulation and transfusion management. According to the resuscitation room standard operating procedure (SOP) of our center, cannulation of the right subclavian vein (20 cm, 12 F Shaldon catheter) and the left femoral artery (Seldinger-wire system) is primarily recommended for emergency vascular access in severely injured patients. The surgical team is responsible for clinical examination, mechanical bleeding control (e.g., pelvic clamp or tourniquet), tube thoracostomy, and extended focused assessment sonography for trauma (eFAST).
Statistical analysis. Data are reported as the mean ± standard deviation and numbers (percentage).
Statistical comparisons between patients with and without complications were performed using the χ 2 test for qualitative data. Student's t test was applied for the analyses of quantitative data. When the Levene test for the homogeneity failed, the Mann-Whitney U-test was used. The alpha level of significance was set at 0.05. All tests were two-sided. A primary univariate logistic regression analysis was performed to identify independent predictors of procedure complications. Risk factors with p values of <0.1 were included in the multivariate model to identify significant independent risk factors. In order to characterize general statistics of the logistic regression we report the model chi-square, its p value (expected to be <0.05), Nagelkerke's R 2 (effect size measure, analogous to the square of a regression coefficient), the results of the Hosmer-Lemeshow goodness of fit statistics (expected to be >0.05), and the sensitivity of the statistical model within the investigated patient sample. With two further exploratory logistic regression analysis we aimed at identifying the confounders of 24 hour-mortality and of 30 day-mortality. Multiple regression was used to determine covariates of ICU length of stay. This variable was not normally distributed and we included all potential risk factors with univariate p < 0.1 in Spearman's rank correlation analysis or in the Mann-Whitney-U test, respectively. Non-linearity of the residuals, i.e. lack of autocorrelation in the model was checked with the Darbin-Watson test revealing a value near 2. Due to heteroscedasticy (heterogeneity of variances) among the residuals a robust model was applied in which confidence intervals and standard errors of the regression coefficients were based on 1,000 bootstrap samples. The correlation coefficient R is given as effect size measure. Receiver operating characteristics (ROC) analysis was used to investigate the relationship between predictors and the incidence of mechanical complications. ROC-curves were used in order to display the predictive value by plotting the true-positive rate (sensitivity) against the false-positive rate (1-specificity) at various threshold settings. The area under the curve (AUC) was compared to the area under the diagonal line of identity which corresponds to random chance (i.e. true positive rate equals false positive rate). In order to identify the corresponding numeric result for an optimal cut-off point, the Youden-index (J) was calculated. ROC analysis was used to define cut off values for univariate significant numerical predictors which were prior separately determined for the different types of complications concerning airway management, chest tube placement, CVC placement and arterial line placement, respectively. Following a chi-square test, we calculated for each cut off value the odds ratio for the increased incidence in the complication rate together with its 95% confidence interval. Computations were performed using SPSS 24.0, IBM Corp. Armonk, NY, USA. Availability of data and materials. The datasets used and/or analyzed during the current study are available from the corresponding author upon reasonable request.
